Several species of microalgae (phytoplankton), 4 species of freshwater algae and 4 species of marine diatoms, were cultured germ-free in the laboratory. The presence of free D-amino acids was veriˆed in these species by a reversed-phase HPLC analysis. D-Aspartate was detected in all the microalgae examined, but Dalanine was only present in the marine diatoms. The Damino acid content in Asterionella sp. of the marine diatoms increased from the exponential phase to the stationary phase and then decreased to the phase of decline.
It used to be generally accepted thatˆnding Damino acids in higher organisms was uncommon. However, in recent years, with advances in analytical techniques, D-amino acids have been found either free or in a combined form in various higher organisms: animals, 1) higher plants, 2, 3) seaweeds [4] [5] [6] and human tissues. [7] [8] [9] The biochemical and physiological functions of D-amino acids in higher organisms have been the focus of increasing attention in various researchˆelds. In marine organisms, high levels of free D-aspartate and D-alanine have been found in the tissues of cephalopods, 10, 11) some species of bivalves [12] [13] [14] and macroalgae. [4] [5] [6] In addition, Preston 14) has reported the occurrence of D-amino acids in many marine invertebrates. The physiological function of D-amino acids in higher organisms is still unclear. It has been hypothesized that D-aspartate and D-alanine found in marine invertebrates are respectively involved in neural transmission 10, 11) and osmoregulation. 13, 15) While it has been reported that D-amino acids are involved in disease and aging in humans, [7] [8] [9] there is no evidence of such a role in plants. Ogawa et al. 3) have reported the occurrence of D-alanine and its conjugates, D-aspartate and Dglutamate, in pea seedlings. We have previously reported that the content of D-aspartate in Hizikia fusiformis was highest in the adhesive root, then in the main branch and lowest in the blade, and increased during the season of rapid algal growth. 5) These data suggest that free D-aspartate might play an important role in the early stage of growth of H. fusiformis. To clarify details of the physiological function of D-amino acids in algae, we studied these compounds in microalgae that can be cultured under artiˆcial conditions in the laboratory. This is theˆrst report on the presence of free D-amino acids in microalgae (phytoplankton), fresh water algae and marine diatoms.
The following reagent grade chemicals were purchased from Wako Pure Chem. Ind. (Osaka, Japan): DL-amino acids, o-phthalaldehyde (OPA), N-acetyl-L-cysteine (NAC) and sodium borate. D-Amino acid oxidase from porcine kidney was purchased from Sigma (USA), all other chemicals being of analytical purity. The freshwater algae, Botrydiopsis alpina, Chlorella pyrenoidosa, Chlorella vulgaris and Scenedesmus obliquus, were obtained from Chlorella Kogyo Co. (Tokyo, Japan) in March 1999. The marine diatoms, Asterionella sp. and Thalassiosira sp., were isolated from Okirai Bay in Iwate Prefecture (Japan) in May 1996. Nitzschia navis-varingica was isolated from Do Son (Vietnam) in September 1997, and Pseudo-nitzschia pungens was isolated from Ofunato Bay in Iwate Prefecture (Japan) in October 1998.
All microalgae were cultured germ-free. Diatom cells were isolated by the capillary method, and inoculated singly into each medium. Axenic strains were isolated by the method of Douglas and Bates. 16) Freshwater microalgae were cultured in a Pro W freshwater medium at 209 C. Asterionella sp. and Thalassiosira sp. were cultured in a T1 W seawater medium 17) at 159 C, and Nitzschia navis-varingica and Pseudo-nitzschia pungens were cultured in an f W 2 W seawater medium 18) at 209 C. These clones were cultured and maintained in 500 ml of their respective media (Table 1) under an illumination intensity of 60-70 mE, with a 16 h light:8 h dark cycle, using coolwhite ‰uorescent lamps. While the cells were being cultured, the cell density (cell number W ml) was measured every day with a microscope. All species of microalgae were collected after two weeks when the population had reached the stationary phase. Damino acids were analyzed with an HPLC system.
After two weeks of culture, the microalgal cells were collected from the culture medium (500 ml) by centrifugation (400×g, 5 min), and the resulting cell pellet (about 10 9 cells) was rinsed with 5 vol. (w W v) of the fresh medium three times. The pellet was then homogenized with 3 vol. (w W v) of 100z ethanol by an ultrasonic homogenizer (UD-200, Tomy Seiko, Tokyo, Japan). The homogenate was centrifuged at 10,000×g at 09 C for 10 min. The resulting precipitate was extracted with the same volume of 80z ethanol, and this process was repeated 3 times. The resulting supernatants (ethanolic extracts) were combined and evaporated to dryness under reduced pressure at 40-459 C. The residue was dissolved in a small amount of distilled water and then rinsed with a su‹cient amount of diethyl ether to remove pigments and fatty materials. The aqueous solution layer was removed, this extract being evaporated to dryness, dissolved in 5 ml of ultra-pure water and stored at "309 C until needed for the HPLC analysis.
Each sample extract was passed through a Milliporeˆlter (Millex-LG; 0.20 mm pore size), treated with OPA and NAC to convert the amino acids to ‰uorescent derivatives (by the method of Aswad 19) ), and analyzed with a reversed-phase HPLC amino acid analyzer. Chromatography was performed by the method of Nimura et al., 20) with some alterations as described hereafter. The sample extract was converted to a ‰uorescent derivative by using OPA W NAC and sodium borate solutions, before being immediately loaded into a reversed-phase column (TSK-ODS 80T, Tosoh Co.). The HPLC system (Jasco LC-800) consisted of an 880-PU intelligent HPLC pump, and an FP 1520 intelligent ‰uorescence detector and integrator. Elution was done with a mixture of solvent A (a 50 mM sodium acetate buŠer at pH 5.35) and solvent B (80z methanol W solvent A) at 409 C; the ‰ow rate was 1.0 ml W min. The excitation and emission wavelengths were 348 and 450 nm, respectively. The elution gradient was set as follows: 0-50 min, 0-40z solvent B in solvent A; 50-60 min, 40-60z solvent B in solvent A; and 60-85 min, 60-100z solvent B in solvent A. Figure 1 shows HPLC chromatograms of (A) standard DL-amino acids and of (B) the extract of the diatom Asterionella sp. Four species of freshwater algae (Fig. 2B ) was isolated by HPLC and concentrated with an evaporator, and then analyzed by reversed phase HPLC. Peak 15 ( Fig. 2D ) was analyzed by HPLC after being treated with D-amino acid oxidase. The reaction mixture consisted of 0.1 ml of the microalgal extract, 100 mmol of FAD, a 50 mM Tris-HCl buŠer at pH 8.0, and 0.2 U of D-amino acid oxidase to make aˆnal volume of 1 ml. The reaction was started by adding the enzyme solution at 409 C. After incubating for 60 min, the reaction was stopped by heating for 3 min at 1009 C, then the reaction mixture was passed through a Milliporeˆlter (Millex-LG; 0.20 mm pore size). The chromatographic conditions were the same as those described for and four species of marine diatoms were examined by the same method. In our previous work, 6 ) the sample extract was separated into acidic, neutral and basic amino acids by using ion exchange columns (Dowex 1 and 50) before the HPLC analysis. The method used in this present work can analyze various DL-amino acids (Asp, Glu, Thr, Arg, Ala, Tyr, Val, Ile and Leu) and Gly, Tau and b-Ala simultaneously and sensitively without separating into acidic, neutral and basic amino acids. Furthermore, this method can also analyze total Ser, His, Met, Phe and Lys, but not their optical isomers, and secondary amines such as proline. Figure 2 shows HPLC chromatograms of (A) standard DL-amino acids, (B) the peak corresponding to D-aspartate isolated from the extract of Asterionella sp., and the extract of Asterionella sp. before (C) and after (D) the treatment with D-amino acid oxidase. The chromatographic conditions were the same as those described in Fig. 1 , except for a small alteration to the gradient conditions. This alteration to the gradient conditions led to a change in retention time of the amino acids. However, each retention time for peaks 1 and 15 ( Figs. 2A and 2C ) of the microalgal extract is consistent with that of standard D-aspartate and D-alanine, respectively, irrespective of the gradient conditions. It was conˆrmed by the methods described for Fig. 2 that each peak from the extract of diatom Asterionella sp. was that of D-aspartate and D-alanine, respectively. Namely, regardless of any diŠerence in the gradient conditions, the retention time of peak 1 (Fig. 2B ) from the microalgal extract is completely consistent with that of standard D-aspartate. After the extract of diatom Asterionella sp. had been treated with D-amino acid oxidase, peak 15 ( Fig. 2D) Each value for a marine diatom is the mean obtained from three or four samples taken from the respective cultures, and each value for a freshwater alga was obtained from one sample per culture. Each sample was collected after the alga had been cultured for 2 weeks (stationary phase). The D-amino acid contents of the various microalgae are shown in Table 2 . The only D-amino acids detected in the microalgae by the analytical methods used were D-aspartate and D-alanine, D-aspartate being detected in all species of the freshwater algae and marine diatoms examined. Notably, the content was greater (0.09-0.23 nmol W 10 6 cells) in marine diatoms than in freshwater algae (0.01-0.03 nmol W 10 6 cells). On the other hand, D-alanine was only detected in marine diatoms, its level generally being higher (0.24-0.40 nmol W 10 6 cells) than that of Daspartate. With the exception of some Phaeophyta, similar results were found for the marine macroalgae, in which the D-aspartate concentration was under 10 nmol W g, while the D-alanine content was about ten times higher. 4, 6) The D-aspartate and D-alanine contents of the microalgae were similar to those of the marine macroalgae, because 10 6 cells of diatoms corresponds to about 0.01 g (wet weight). The D W (D+L) ratio of aspartate in the microalgae was less than that in the macroalgae, while that of alanine in the marine diatoms was similar to that in the macroalgae.
The D W (D+L) ratio of aspartate and of alanine varied among the microalgal species. The D W (D+L) percentage ratio of aspartate was under 10 for almost all the species examined, except for Chlorella vulgaris (15.79). In general, the D W (D+L) percentage ratio of aspartate in the microalgae was lower than that in the macroalgae (6.83-64.14), 4) while the D W (D+L) percentage ratio of alanine in the microalgae varied from 2.46 to 7.16, this result was similar to that of the macroalgae with few exceptions. 6) The D-aspartate and D-alanine contents and their D W (D+L) ratios in Asterionella sp. varied with their growth phase (Fig. 3) . The D-aspartate content and the D W (D+L) ratio increased from the exponential phase (cultured for 1 week) to the stationary phase (for 2 weeks), and then decreased to the phase of decline (for 3 weeks). The variation in D-alanine content and D W (D+L) ratio was similar, although it was higher than the case of D-aspartate. These amino acids may be concerned with the growth of microalgae.
There is little possibility of chemical and W or physical racemization under our culture conditions for the microalgae and extraction process of D-amino acids. Since these microalgae were cultured germ-free, both D-amino acids in the microalgae were probably not derived from bacteria, but are more likely to have been produced by the microalgae themselves. If this is the case, the D-amino acids may play a fundamental role in maintaining the life process.
Considering information from the literature 21) and from our previous work, [4] [5] [6] D-aspartate and Dalanine may not be rare substances in higher organisms.
